Total binary and tertiary quench rates have been measured for the reaction Xe (5p 5 6p)+ CI2 at thermal temperatures. Xenon atoms are excited by state-selective, twophoton absorption with a u.v. laser. The time dependent fluorescence from the excited atom in the I.R. and from XeCl* (B) product near 308 nm have been measured with subnanosecond time resolution.The decay rates are measured as a function of CI2 pressure to 20 Torr and Xe pressure to 400 Torr. The measured reaction rates (k2~10" 9 cm^sec^1) are consistent with a harpoon model described in a separate paper. We also measure large termolecular reaction rates for collisions with xenon atoms (k3 -10" 2ĉ rrAec" 1 ). Total product fluorescence has been examined using a gated optical multichannel analyser. We measure unit branching fractions for high vibrational levels of XeCl* (B) with very little C state fluorescence observed. The measured termolecular rates suggest similar processes will dominate at the high buffer-gas pressures used in XeCl lasers. The effect of these large reactive cross sections for neutral xenon atoms on models of the XeCl laser will be discussed.
I. Introduction
We present in this paper a study of state-to-state, electronic energy transfer from Xe* 5p 5 6p following two-photon laser excitation. This study has direct application to understanding the energy pathways and reaction processes important in the chemistry of the XeCl excimer laser.
This work extends to reactive collisions'. 
A. Reactions of Xe (5p s 6p) with Cli
Current models of the XeCl excimer laser have assumed that the primary energy pathway involves the formation of the ions Xe + and Cl"2, followed by dissociative recombination to the lasing transition, Xe + + Cl2--> y°Cl*(B,C) + Cl.
These models include extensive sets of reactions involving B to C state mixing, radiative decay, quenching processes, ion reactions, etc. Reactions with neutrally excited atoms such as Xe* and Xe*2 have also been included,^) but the reaction rates used in the model are those measured by Setser for Xe*(5p 5 6s).
(4 ' 5 > 6 ) These rates predict that the ion channels dominate over neutral channels for the production of XeCl*(B,C). The best models are not in agreement with the available laser data and several workers have suggested a greater importance for neutral channels/ 7 )
We had expected that the cross sections for reactive energy transfer to XeCl*(B,C) might be larger for Xe*(6p) than those measured for Xe*(6s) by Setser/ 4 -5 -6 ) Reactive transfer is expected to proceed by the harpoon reaction Xe*(6p) + RC1 -» Xe + + RC1--» XeCl* + R v (2) .
where RC1 indicates a general chloride. In Fig. 1 larger separations than Xe*(6s), they might not be as effective. In addition the electron affinity of some reactants such as CI2 is rapidly varying at the equilibrium internuclear separation, making the reaction cross section sensitive to bond stretching as the collision pair approaches the crossing. In the experiments described here we test these effects by exciting states of Xe*(6p) with increasing ionization potentials which have appropriately increasing crossing radii.
B. Alternate Reactions
In general alternate energy processes than those described by Eq. 2 can occur. Fine structure changing and quenching reactions with energy disposal in translational energy (T), Xe*(6pi) + RC1 -+ Xe*(6pj) + RC1 Xe*(6 Pi ) + RCl -> Xe*(6s) + RCL, (E->T)
or electronic energy (E),
can occur. Energy disposal in such non-reactive collisions can also be in vibrational (V) or rotational (R) excitation of RC1. We have examined the possibility for reactions of the forms of Eq. 3 and 4 by searching for fluorescence from these product channnels. No search is reported here for vibrational or rotational excitation of the molecular product in the ground electronic state.
Subsequent to our beginning these experiments, Setser et al have published measurements of quenching of two-photon excited states of Xe*(6p) by chlorides/ 8 ) We compare our measurements with those of Setser here. We also describe in this paper the effects of termolecular collisions which occur at higher buffer gas pressures. Initially, these calculations were applied to ion-ion recombination^2' 13 ) and ion-electron recombination/ 14 ) Calculations for neutral atomic recombination have followed/ 1 5) xhi s theoretical effort has now encouraged experimental effort at higher densities.
C. Termolecular Reactions
In reactions of neutral systems, three-body collisions are known to be important for molecular association A* + B + X ->AB* + X where the collision with a third body is required to relax the bonding pair into the well.
In our recently published study of quenching of Xe*(6p) in pure xenon, we reported a termolecular quenching reaction which we described as resulting noi from molecular association, but enhanced deactivation It would now appear that termolecular reactions are universal to all forms of energy transfer reactions; and that we can no longer hope to understand chemistry at high pressures by a study of binary reactions i. low pressures.
II, Experiment
Experiments reported here are done in a new apparatus constructed for studying energy transfer to chlorides. The apparatus is similar to one described earlier for studies of multiple! mixing in xenon.t 1 -2 ) Chlorine and mixtures of rare-gases are premixed into a stainless steel cylinder and then admitted to a small stainless experimental chamber with sapphire and MgF2 windows mounted onto ultra-high-vacuum (UHV) flanges. The chamber and gas handling system were baked and evacuated to pressures below 10" 9 1 :r for several days before filling. Afterwards, the chamber and gas handling system were passivated for several weeks before beginning experiments.
The errors in the measurements of the CI2 pressure deserve additional discussion. Mixtures of xenon and chlorine were prepared in a separate bottle and added to the chamber. Xenon is first added to the chamber and the mixture bottle to a pressure measured with a MKS capacitance manometer. Then the gas is cryogenically condensed into the mixture bottle. A known pressure of chlorine was added to the chamber and again pumped cryogenically into the mixture bottle (volume ratios are accurately known). The bottle is then heated to room temperature (20 °C) and allowed to tihermalize. This was important as we found the reaction rate to be very sensitive to the temperature of the gas. All gas lines were insulated to prevent changes in temperature. After the gas is added to the chamber, variations in total pressure as a function of time was measured using a 10 Torr, differential capacitance manometer. In early experiments after passivation, the loss of CI2 gas was observed as a function of time. Decay curves measured over sequential 15 minute intervals had measured quench rates which correlated accurately with the measured pressures. The CI2 pressure was then measured before and after each decay curve to determine the error in the CI2 pressure. 
III. Results
In general we might expect quenching of Xe*(6p) by both chlorine and xenon. We have previously measured the decay rates for collisions with xenonO-2 ) and these rates 
where vo is the radiative decay rate and k 2 ,, k3, represent bimolecular or termolecular reaction rates for a specie. In Fig. 4 we show the decay rates for Xe*6p[l/2]o as a function of chlorine pressure in a Sterm-Volmer plot. The error bars shown are i standard deviation for the decay rates determined from least squares fitting of data as shown in Fig. 3 , including deconvolution of the measured instrument response in Fig. 2 .
The error bars in pressure are determined by the measured range of Cl 2 pressures as described in the experimental section. As seen in Fig. 4 , the quench rates increase linearly with pressure indicating a bimolecular reaction is dominant Xe*(6p[l/2] 0 ) + Cl 2 -> XeCl* + Cl;
hence the chlorine dependence for the quench rate is described by
where
is the quench rate due to the xenon component of the mixture as measured previously/ 1 -2 ) Termolecular reactions involving two Cl 2 molecules have a negligible reactivity. The only remaining unmeasured rate k3{ X eCI} can be determined by plotting the difference rate, Av,
as a function of xenon pressure at fixed chlorine pressure. This difference rate is most easily measured by adding the correct amount of xenon to the evacuated chamber. This chamber had been thoroughly passivated as described previously. We then measured the decay rate for the excited atom in "pure" xenon. This rate accounts for all negative terms on the right side of Eq. 10 not involving the quenching by chlorine. In addition this rate may have an additional quenching due the presence of a small amount of chlorine displaced from the walls by the xenon buffer gas. The diffence of these two rates minus the bimolecular quenching by chlorine that we reported in Table I yields the difference frequency in Eq. 10 due to termolecular reactions. This experimental technique should eliminate possible systematic errors due to the displacement of an unknown amount of chlorine from the walls of the chamber. Because the quenching due to "pure" xenon and the displaced amount is measured at every xenon pressure, the pressure dependence of the displacement is properly accounted for in the measurements. Note that if the added chlorine is lost to the walls we would observe a measureable change in the total pressure as described above. We used a large CI2 pressure of 10 Torr in order to emphasize the effects of k 8) and Eq. (9). We summarize the measured reaction rates in Table I . We also compare our measured bimolecular rates with those measured recently by Setser.W We obtain agreement with his measurements within the reported error bars for 6p [ The bimolecular rates seen in Table I are consistent with a harpoon model as described earlier, and are significantly larger than rates measured earlier for Xe*(6s).( 4 ' 5 -6 ) The rates are large enough to make energy transfer from neutral channels important in the XeCl laser. The termolecular reaction rates are even larger than those reported earlier for charge transfer processes.^. *0) The impact of the termolecular rates must now be determined for buffer gases such as argon and neon used in lasers. If they are of comparable value, they are extremely important processes. At the operating pressures of 4 arm for lasers, the effective bimolecular reactive transfer rate, v = k( e ff) [CI2], could be as large as 4 x 10"^ cm 3 sec 1 if we make a rather naive extrapolation from the pressures shown in Fig. 5 . It is also possible that at these higher pressures the reaction rate is smaller because the approach of the reactants becomes diffusively controlled.
IV. Branching Fractions
We have investigated the extent to which intramultiplet and intermultiplet relaxation and electronic excitation transfer as described by Eq. 3 and 4 contribute to the quenching of the xenon excited states.Of particular importance to the XeCl laser is the question whether the enhanced reaction rate in termolecular collisions leads to the XeCl*(B) lasing state or to other channels such as lower xenon excited states? We have made spectral scans from 150 run to 900 nm to search for fluorescence from product channels other than XeCl*(B) for xenon pressures ranging from 10 Torr to 100 Torr.
We observe no fluorescence from Cl* or CI2*. The only observed fluorescence results from highly vibrationally excited XeCl*(B) at low pressures as observed by Setser.W As the pressure is increased the molecule vibrationally and rotationally relaxes before fluorescence as expected. At pressures of 100 Torr of xenon, we observe weak continua at 267 and 275 nm. These bands are obscured by fluorescence from highvibrational bands of XeCl*(B) and have not been observed previously.( 4 -5>6>8) The integrated intensity of these bands is less than 0.8%. The intensity of XeCl*(C-»A) is very weak as well (less than 0.5 %) when exciting Xe*(6p). We have not searched for vibrationally excited ground state CI2; but this product is not expected/ 4 -5 ' 6 ) We find for reactive quenching of Xe*(6p) by CI2, 99 % of all reactions produce XeCl*(B) for all xenon pressures to 250 Torr.
We have examined the degree that collisional deactivation of Xe*(6p) as described by Eq. 3 and 4 contributes to the quenching process. In Fig. 6 we plot the production of Xe*6p [3/2] i (2P7) and 6p[3/2]2 (2P6) with and without CL2 while selectively exciting 6p[l/2]o (2p5). No change in the intensity of the product channels is observed with the addition of chlorine, though we do see an increased broadening of the transitions is observed; hence the only contributions to the reactions of the form of Eq. 3 are collisions with xenon as studied earlier/ 1 -2 ) We conclude that all of the quenching of Xe*(6p) by CI2 over the buffer gas pressure range from 10 to 250 Torr results in the product XeCl*(B).
V. CONCLUSIONS
We show in Table I a comparison of the measured reaction rates with a refined harpoon model. This model includes the effects of the attractive covalent potentials, though these corrections are small at the large distance of our crossings.The valence potential can be written
where C6 is long range interaction between Xe* and CI2. For Xe*(6p) we have estimated Q; with chlorine using the measured C6 with Xenon,^) the known Cg and polarizability for C\p®) (1.62 x 10 6 cm" 1 A 6 and 4.61 A 3 ), the Slater Kirkwood Formula to relate aXe* to Qi for Xe*-Xe*, and the combination approximation . At the distance of the crossing the contribution to the potential is small, hence the valence potential is essentially flat. The crossing radius Re can be determined by equating the ionic and valence potentials: (13) where IP is the ionization potential for the particular excited state, EA is the electron affinity of the halogen, and a is the sum of polarizability of the ions. At long range the contribution to the potential by the polarization can be neglected and one has a simple coulomb potential. A simple harpoon model assumes that the reaction occurs whenever the reactants reach the crossing radius R^ as given by Eq. 13. The cross section for this model was given by LijnseC 
where he defined a reduced temperature
For all three states shown in Table I , T r > 20, and we cap use the approximation f(T r ) = 1+Tf 1 -(2/5)T r -2 + ....
For this mode! we obtain the results shown in Table I . There is some controversy as to the proper value for the electron affinity. We havo used the vertical electron affinity for CI2 of 1.02eV for the calculation in Table I . In experiments wilii alkali halides/ 22 ) this value for the electron affinity leads to a cross section which is too small; however, in our case, the model is in excellent agreement with our experiment. Of particular interest is the increase in the measured reaction rates with increased excited state energy. The model predicts a similar increase because the crossing radius is larger for states with smaller ionization potentials. As stated earlier, one might expect the increase in radius to be offset by a decrease in the charge transfer probability at the crossing. In an accompanying paper we describe a more detailed multi-state, Landau-Zener model for the harpoon reaction. ( 23 ) This calculation is also in good agreement with the experiment and demonstrates that the smaller charge transfer probabilities observed at larger crossing radii are made up for by the large density of crossings that exist in the multistate calculation. Crossings between ionic and valence potential surfaces for xenon and chlorine mixtures. Only the valence states which can be two-photon pumped are indicated. The arrow indicates the effect of bond stretching during the reaction. The lower curve is at the Cl-Cl equilibrium separation for CI2 while the upper curve is the ionic potential for the Cl-Cl separation for ground CI2. Bond stretching due to varying excited states of CI2 or due Xe* -CI2 interaction will give values between these limits. Fig. 2 . Total laser and IR detector instrument response. This response is deconvolved from the measured data. Fig. 2 
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